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Abstract. Forward (di)jet measurements are a useful tool to constrain the Parton Distribution 
Functions (PDFs) at low values of parton momentum fraction x and to study the possible onset 
of BFKL or gluon saturation QCD evolutions in the proton. We present studies of jet reconstruction 
capabilities in the CMS Hadron Forward (HF) calorimeter (3< |tj| <5). The expected sensitivity of 
the inclusive forward jet pj spectrum to the proton PDF, as well as the azimuthal decorrelation of 
Mueller-Navelet jets with a large rapidity separation are presented for p-p collisions at yfs = 14 TeV. 
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INTRODUCTION 

Studies of the high-energy (Iow-jc) limit of Quantum Chromodynamics (QCD) have at- 
tracted much theoretical interest in the last 10-15 years, in the context of deep-inelastic 
(DIS) electron-proton as well as of nucleus-nucleus collisions [1]. For decreasing parton 
momentum fraction x = p pamn / p^, the gluon density is observed to grow rapidly in 
the hadronic wave-functions. As long as the densities are not too high, this growth is 
described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) I2Q or by the 
Balitski-Fadin-Kuraev-Lipatov (BFKL) dH] evolution equations which govern, respec- 
tively, parton radiation in Q 2 and x. Eventually, at high enough centre-of-mass energies 
(i.e. at very small x) the gluon density will be so large that non-linear (gluon-gluon 
fusion) effects will become important, saturating the growth of the parton densities 01. 

In hadron-hadron collisions, the minimum momentum fractions probed in a 2 — > 2 
process with a particle of momentum pj produced at pseudo-rapidity r\ are 

xf n = , xT n = - X2XTCn _ , where x T = 2p T /V~s, (1) 

2 — xre 7 ! 2x2— xje " 

i.e. x^ 1 " decreases by a factor of ~10 every 2 units of rapidity. The extra e 71 lever- 
arm motivates the interest of forward particle production measurements to study low-x 
QCD. From Eq. (OQ), it follows that the measurement at the LHC of jets with transverse 
momentum p T = 20 GeV/c in the CMS forward calorimeters (HF, 3< \rj\ <5 and 
CASTOR, 5. 1 < \t] I <6.6) will allow one to probe x values as low as X2 ~ 10~ 5 . FigureQ] 
(left) shows the log(jq 2) distribution for parton-parton scatterings in p-p collisions at 
14 TeV producing at least one jet above 20 GeV/c in the HF and CASTOR acceptances. 



We present here simulation studies of two forward-jet measurements in CMS JUl which 
are sensitive, respectively, to the low-^2 (and high-jq) proton PDFs and to BFKL [HiS, 
Si] or saturation l&Ql] QCD dynamics: 

1 . Single inclusive jet cross section in HF 111 ill at moderate transverse momenta (pr ~ 
20- 120 GeV/c), 

2. Differential cross sections and azimuthal (de)correlation of "Mueller-Navelet" [HI] 
dijet events, characterised by jets with similar pj separated by a large rapidity 
interval (Ati 6 - 10). 




FIGURE 1. Left: Log(.^i 2) distribution of two partons producing at least one jet above pj = 20 GeV/c 
within HF and CASTOR. Right: Layout of the detectors in the CMS forward region fMtl . 

The combination of HF, TOTEM, CASTOR and ZDC (Fig. [Q right) makes of CMS 
the largest acceptance experiment ever built at a collider. Very forward jets can be identi- 
fied using the HF |H1 and CASTOR [Q calorimeters. The HF, located 1 1 .2 m away on 
both sides of the interaction point (IP), is a steel plus quartz-fiber Cerenkov calorimeter 
segmented into 1200 towers of At] x A0 ~ 0.175x0.175. It has 10A/ interaction lengths 
and is sensitive to deposited electromagnetic (EM) and hadronic (HAD) energy. CAS- 
TOR is an azimuthally symmetric EM/HAD calorimeter placed at 14.37 m from the 
IP, covering 5.1< |t]| <6.6. The calorimeter is a Cerenkov-light device, with successive 
layers of tungsten absorber and quartz plates as active medium arranged in 2 EM (10 
HAD) sections of about 22Xq (10. 3A/) radiation (interaction) lengths. 



FORWARD JETS RECONSTRUCTION IN HF 

Figure |2] (left) shows the pj resolutions for forward jets (3 < | T] | < 5) reconstructed using 
three different algorithms: iterative cone (ICone) Hill with (if, 0)-radius of — 0.5 



(Eseed = 3 GeV and E thres = 20 GeV), SISCone HJ (M = 0.5), and the k T algorithm U@\ 
(D = 0.4) as implemented in the FastJet package I117ll . The forward jets reconstructed 
with the cone algorithms have a slightly better resolution than those obtained with the kj 
algorithm. We find a pj resolution of ~19% at 20 GeV/c decreasing to ~10% above 100 
GeV/c. Such resolutions are better than at central rapidities 1181] because (i) the relevant 
variable for calorimetry resolutions is the total energy of the shower which for a given 
pj is always larger at forward than at central rapidities because of the forward boost; (ii) 



the jets are more collimated at forward rapidities and, thus, the ratio of jet- size/detector- 
granularity is more favourable. The position (77, 0) resolutions (not shown here) for HF 
jets are also very good: 0.045 at Ej = 20 GeV, improving to Cty^ « 0.02 above 

100 GeV. Figure [2] (right) shows the jet-parton matching efficiencies as a function of 
pr for reconstructed jets in HF. The matching efficiency saturates at around 80% above 
~35 GeV/c, which we take as our lowest reconstructible jet pj in HF. 
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Jet p T resolution (HF), 3.<|n|<5. 

ICone (R=0.5): a = 2.70 GeV, b = 0.41 GeV', c = 0.1 1 
SISCone (R=0.5): a = 3.13 GeV, b = 0.33 GeV" 1 , c = 0.12 
Fast k T (D=0.4): a = 3.10 GeV, b = 0.52 GeV 1 , c = 0-11 
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FIGURE 2. Jet performances of the HF calorimeter. Left: Energy resolutions for various jet algorithms 
versus pj. Right: Jet-parton matching efficiency as a function of pfj? °" for a matching cone of AR = 0.2. 



SINGLE INCLUSIVE FORWARD JET SPECTRUM 

Figure [3] (left) shows the expected jet pj spectrum in HF for p-p collisions at 14 TeV 
with an integrated luminosity of 1 pb , reconstructed with the SISCone algorithm. The 
spectrum has been corrected for energy resolution smearing but not for underlying-event 
and hadronization effects^. The spectrum is compared to the fastNLO predictions^ lfl9ll 
for two different PDFs (MRST03 and CTEQ6.1M). The single jet spectra obtained with 
the two PDFs are similar at high pj, while differences as large as £?(60%) appear below 
~60 GeV/c. Figure [3] (right) shows the percent differences between the reconstructed 
spectrum and the two theoretical predictions. The error bars include the statistical and 
the energy-resolution smearing errors. The thin violet band around zero is the PDF 
uncertainty from the CTEQ6.1M set alone. The main source of systematic uncertainty is 
due to the calibration of the jet energy-scale (JES). Assuming an early 10% JES error, we 
find propagated uncertainties as large as 50% in the jet yields at pj = 40 GeV/c (yellow 
band) which are similar to the theoretical uncertainty associated to the differences 
between PDF sets. If the JES can be improved at the 5% or below, and the PDF 
uncertainties are indeed as large as the differences between MRST03 and CTEQ6.M, our 



Given the relatively small jet radius chosen, we expect those not to affect very significantly the result. 
Renormalization-factorization scales: /x, = pj. Other /I, choices only change the spectrum by 5%-9%. 



forward jet measurement could help constrain the underlying PDF in global-fit analyses. 
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FIGURE 3. Left: Forward jet yields for a total integrated luminosity of 1 pb . Right: Percent differ- 
ences between the reconstructed forward jet pj spectrum and fastNLO predictions for two PDFs lfl9tl . 



MUELLER-NAVELET DIJETS 

Mueller-Navelet (MN) events are characterized by two jets separated by a wide rapidity 
interval. Our experimental requirement to study such events is that each one of the jets is 
measured in a different HF calorimeter, i.e. that their separation is At] > 6. We generated 



events with pythia Q20Q and herwig UM and selected events with forward jets (ICone 
Si = 0.5) which satisfy the following Mueller-Navelet-type selection cuts: 

• Pr,i > 35 GeV/c (good parton-jet matching and single-jet trigger efficiencies in HF) 

• \pt, i _ Pt 2 1 < 5 GeV/c (similar pj to minimise DGLAP evolution) 

• 3 < |t]i j2 | < 5 (both jets in HF) 

• f]\ ■ V2 < (each jet in a different HF) 

The data passing the MN-cuts are divided into 4 equidistant HF pseudorapidity 
bins ([3., 3.5], [4.5,5.0]) and the dijet cross section computed as d 2 o /drjdQ = 
Nj ets /(AriAQj Jzfdt), where Q = pr,i ~ Pt.2 and Af is the observed number of jets 
in the Ari,AQ bin. For J^fdt = 1 pb -1 , we expect a few 1000s (100s) MN jets with 
separations Arj > 6 (9). Figure HI shows the expected pythia yields passing the MN 
cuts for At] rs 7.5. The obtained dijet sample appears large enough to carry out detailed 
studies of the Ati dependence of the yields, and look e.g. for a possible "geometric 
scaling" in the Mueller-Navelet yields II 1011 . 

An enhanced azimuthal decorrelation for increasing rapidity separation between 
Mueller-Navelet jets is the classical "smoking-gun" of BFKL radiation [@,0,[8|,@]. We 
have studied the dependence of the average value (over events) of the cosine of the 
difference between the jets, (cos{tz — A(j>)), as a function of their At] separation. 
One expects (cos(n — A0)) = 1 (0) for perfect (de)correlation between the two jets. 



The results are shown in Fig. |4] (right) for the two highest-pj jets in the event pass- 
ing the MN cuts. Only the dominant (statistical) errors are presented. At the Monte 
Carlo truth level (not shown here), the originating partons in pythia or HERWIG are 
almost exactly back-to-back for all Ar] in each such jet-pair events. At the generator- 
level, the (cos{% — A0)) decorrelation increases to 15% (25%) for pythia (herwig), 
{cos(n — A0)) « 0.85 (0.75), due to parton showering and hadronization effects. Yet, the 
forward dijet decorrelation observed in both MCs is smaller (and less steep as a function 
of A?]) than found in BFKL approaches fiH]. 
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FIGURE 4. Dijet events passing the Mueller-Navelet cuts (see text). Left: Expected PYTHIA yields 
(1 pb -1 ) for Atj « 7.5. Right: Average of cos[(n — A0)] versus Atj in PYTHIA and HERWIG dijet events. 
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